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We present a pressure study of the electrical resistivity, ac magnetic susceptibility and powder
x-ray diffraction (XRD) of the recently discovered BiS2-based superconductor EuBiS2F. At ambient
pressure, EuBiS2F shows an anomaly in the resistivity at around T0 ≈ 280 K and a superconducting
transition at Tc ≈ 0.3 K. Upon applying hydrostatic pressure, there is little change in T0 but the
amplitude of the resistive anomaly is suppressed, whereas there is a dramatic enhancement of Tc from
0.3 K to about 8.6 K at a critical pressure of pc ≈ 1.4 GPa. XRD measurements confirm that this
enhancement of Tc coincides with a structural phase transition from a tetragonal phase (P4/nmm) to
a monoclinic phase (P21/m), which is similar to that observed in isostructural LaO0.5F0.5BiS2. Our
results suggest the presence of two different superconducting phases with distinct crystal structures
in EuBiS2F, which may be a general property of this family of BiS2-based superconductors.
PACS numbers: 74.70.Xa; 74.62.Fj; 74.25.F-
I. INTRODUCTION
The recently discovered BiS2-based superconductors
1,2
have attracted considerable attention. Similar to cuprate
and iron-pnictide superconductors,3,4 these compounds
possess layered crystal structures but with a rather low
superconducting transition temperature (Tc). The first
BiS2-based superconductor Bi4O4S3, which crystalizes
in a body centered tetragonal structure (space group
I4/mmm) consisting of double layers of BiS2, separated
by units of Bi2O2 and SO4, shows a metallic normal state
before becoming superconducting at Tc ≈ 5 K.
1 Subse-
quently, another family of BiS2-based superconductors
LO1−xFxBiS2(L = La, Ce, Pr or Nd)
2,5–8 with a prim-
itive tetragonal structure (space group P4/nmm) has
also been studied intensively. This structure contains
the same double BiS2 layers but in this instance they are
separated by units of LO1−xFx. At ambient pressure,
these compounds become superconducting upon adding
charge carriers via substituting F for O and there is a
change from insulating to semiconducting behavior.
A dramatic enhancement of Tc was observed on ap-
plying pressure to LO1−xFxBiS2(L = La, Ce, Pr or
Nd),9–11 which seems to be a general feature of this
family of BiS2 based superconductors. For example,
LaO0.5F0.5BiS2 becomes superconducting at Tc ≃ 2.5 K
at ambient pressure, but its Tc undergoes a sharp in-
crease at p ≃0.7 GPa, reaching Tc ≃ 10.7 K.
10 Further-
more, a similarly large Tc was also measured at ambient
pressure for LaO0.5F0.5BiS2 samples synthesized in high
pressure conditions.12 However, the underlying mecha-
nism behind the pressure-induced enhancement of Tc re-
mains unresolved. The increase of Tc under pressure
could be due to modifications of the electronic struc-
ture and in particular, it was suggested that it may be
related to an increase in the density of charge carriers
upon the suppression of semiconducting behavior.11 Dif-
ferences in the Hall effect measurements of Eu3Bi2S4F4
at low- and high- pressures also suggest a pressure in-
duced change in the electronic structure.13 It was also
found that in LaO0.5F0.5BiS2, the jump in Tc is accom-
panied by a structural phase transition from a tetragonal
to a monoclinic structure.10 On the other hand, different
behavior is shown in Bi4O4S3, where Tc decreases upon
applying pressure, reaching about 3 K at 2 GPa,14 and
the material is metallic in the normal state. The par-
ent compound Bi6O8S5 is a band insulator, but a 50%
deficiency of SO4 generates additional electron carriers
within the BiS2 layers of Bi4O4S3, leading to metallic
behavior.15 Therefore, one may expect that the sudden
increase of Tc under pressure in LO1−xFxBiS2 is associ-
ated with the suppression of a semiconducting gap and
it would not be observed in metallic systems.
The newly discovered BiS2-based superconductor
EuBiS2F, which is isostructural to LO1−xFxBiS2, dis-
plays unique properties.16 It not only becomes supercon-
ducting at Tc ≈ 0.3 K, but there is also an anomaly in the
resistivity at around 280 K, which has been proposed to
be a charge density wave (CDW) transition.16 There is no
change in the crystal structure down to 13 K but a small
anomaly in the ratio of the lattice parameters c/a is ob-
served around 280 K. The strong hybridization between
Eu-4f and Bi-6p electrons results in a large electronic
specific heat coefficient of about 73 mJ/mol K2. Impor-
tantly, this compound does not exhibit significant semi-
conducting behavior at low temperatures, which is dif-
ferent from most other LO1−xFxBiS2 superconductors.
Therefore, EuBiS2F may provide us a valuable opportu-
nity to study the origin of the dramatic enhancement of
Tc in LO1−xFxBiS2 under pressure and also the possible
interplay of superconductivity and CDW order. In this
paper, we report electrical resistivity, ac magnetic sus-
ceptibility and powder x-ray diffraction measurements of
EuBiS2F under high pressure. It is found that the re-
sistive anomaly around 280 K is weakened under pres-
sure and vanishes around pc ≈ 1.4 GPa. On the other
2hand, the superconducting transition temperature under-
goes an enormous increase from Tc ≃ 0.3 K to 8.6 K at
pc, where a structural phase transition from the tetrag-
onal phase (P4/nmm) to a monoclinic phase (P21/m)
takes place. These results suggest that two distinct su-
perconducting phases, corresponding to two distinct crys-
tal structures, exist in EuBiS2F.
II. EXPERIMENTAL METHODS
Polycrystalline samples of EuBiS2F were synthesized
by a solid-state reaction method, as described in Ref. 16.
Resistivity measurements under hydrostatic pressure
were performed up to about 2.4 GPa using a piston-
cylinder-type pressure cell, with Daphne 7373 used as
a pressure transmitting medium. The applied pressure
was determined from measuring the shift in Tc of a high
quality Pb sample. High temperature measurements
were performed using a Physical Property Measurement
System (Quantum Design PPMS-14T) in a temperature
range of 2 to 300 K. The low temperature measurements
were performed using a 3He refrigerator down to 0.3 K.
All resistivity measurements were carried out using a
standard four-probe method with four Pt wires spot-
welded to the sample surface. ac magnetic susceptibil-
ity measurements were carried out with a set of coils
designed in-house, consisting of a drive coil, a pick-up
coil and a coil for compensation. The system was driven
with an applied current of 0.1 mA at a frequency of
1523 Hz and the voltage signal was measured using a
SR-830 lock-in amplifier. The dc magnetic susceptibility
was measured using a superconducting quantum inter-
ference device (SQUID) magnetometer, Magnetic Prop-
erty Measurement System (QuantumDesign MPMS-5T).
High pressure powder x-ray diffraction (XRD) measure-
ments were carried out at the BL12B2 Taiwan beamline
of Spring-8. Finely grained EuBiS2F powder and spread-
out tiny ruby balls for pressure determination were filled
into the pinhole (diameter 235 µm) of a stainless steel
gasket mounted on a diamond anvil cell with a culet size
of 450 µm. A mixture of methanol, ethanol and water
in a ratio of 16:3:1 was used as the pressure-transmitting
medium in the XRD measurements.17 Measurements of
the fluorescence line shift were performed at multiple po-
sitions in the sample chamber using a laser with a diame-
ter of 5 - 10 µm. This was measured before and after each
exposure to confirm the hydrostatic nature of the applied
pressure. With a monochromatic beam (λ = 0.68969 A˚),
the 2-D diffraction images were collected using an ADSC
Quantum 4R CCD x-ray detector and then transformed
into 1-D patterns by using the program FIT2D. A high
quality CeO2 standard (99.99%, Aldrich) was used to cal-
ibrate the experimental setup and determine the sample-
to-detector distance.
0 50 100 150 200 250 300
0.0
0.5
1.0
1.5
2.0
2.5
220 240 260 280 220 240 260 280 300
2.24
2.31
2.38
2.45
(a)
 
 
 (m
cm
)
T (K)
                    p (GPa)
 0       0.3
 0.7    1
 1.3    1.7   
 1.9    2.4
p
(c)
 
 
d
/d
T(
ar
b.
un
its
)
T (K)
p (GPa)
 0.3
 1.3  
 2.4
TS
(b)
 
 
 (m
cm
)
T (K)
FIG. 1. (Color online) (a) Temperature dependence of the
electrical resistivity ρ(T ) of EuBiS2F at various pressures in
the temperature range 0.3 to 300 K. (b) The derivative of
ρ(T ) across the high temperature region, where the presence
of the anomaly at T0 is shown by the minimum of the data.
(c) The resistivity anomaly at T0 (p = 0), measured upon
both heating and cooling which shows clear hysteresis.
III. RESULTS
A. Resistivity and ac susceptibility
The temperature dependence of the electrical resistiv-
ity [ρ(T )] of EuBiS2F at various pressures is displayed
in Fig. 1(a). At ambient pressure, ρ(T ) shows a broad
hump below ≃ 280 K, which has been proposed to be
a CDW-type transition.16 At low temperatures, a su-
perconducting transition is observed with Tc ≃ 0.3 K,
which is consistent with previous measurements. Fig-
ure 1(b) displays the derivative of ρ(T ) in the high tem-
perature region where the minimum at T0 corresponds to
the broad hump. The temperature where this feature oc-
curs changes little with increasing pressure up to 1.3 GPa,
but the amplitude weakens. For pressures greater than
1.3 GPa, the anomaly can not be detected and the re-
sistivity monotonically decreases below 300 K. The high
temperature resistivity is shown in Fig. 1(c), measured
upon heating and cooling. The difference between the
curves clearly shows the presence of hysteresis associated
with the anomaly at T0.
Unlike the possible CDW transition at T0, the su-
perconducting transition of EuBiS2F varies considerably
upon applying pressure. As shown in Fig. 2(a), for
p < pc ≃ 1.4 GPa there is a slight increase of Tc with
increasing pressure and the superconducting transition
is broader. Upon increasing the pressure to 1.7 GPa, Tc
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FIG. 2. (Color online) (a) Temperature dependence of the
electrical resistivity ρ(T ) of EuBiS2F below 10 K, in the vicin-
ity of the superconducting transition. (b) Temperature de-
pendence of the real part of the ac magnetic susceptibility χ′
measured at several pressures, with the imaginary component
χ′′ shown in the inset
significantly increases from below 1 K to around 8.6 K.
Further increasing the pressure above 1.7 GPa results
in no significant change of Tc and the superconducting
transition remains sharp. At the critical pressure of
pc ≃ 1.4 GPa, the superconducting transition becomes
significantly broader, which is likely attributable to small
pressure inhomogeneities. In addition, the pressure de-
pendence of the residual resistivity in the normal state
also exhibits a distinct change between 1.4 and 1.7 GPa.
Below 1.4 GPa, the residual resistivity decreases upon
applying pressure, but at higher pressures, there is no
significant change. Measurements of the real part of the
ac magnetic susceptibility (χ′) under pressure are shown
in Fig. 2(b). The data are given in absolute units which
were obtained by scaling χ′(T ) above 2 K to the dc mag-
netic susceptibility measured in the MPMS. At a low
pressure of p = 0.4 GPa, the onset of diamagnetic
shielding occurs at 0.4 K, which is consistent with the Tc
observed in resistivity measurements. There is a slight
increase in Tc with pressure, reaching 0.7 K at 1.1 GPa.
Due to the low Tc and broadening of the transition, χ
′
continues to decrease even at the lowest measured tem-
perature of 0.3 K. At a pressure of 1.5 GPa, there is a
large enhancement of Tc to 8.6 K, which is in good agree-
ment with the resistivity measurements. At low temper-
atures χ′ reaches a near constant value of about -1.4,
which is lower than the value of -1 corresponding to full
diamagnetic shielding and this is likely to be due to de-
magnetization effects. The imaginary part of the ac mag-
netic susceptibility χ′′ is shown in the inset and the peak
is due to energy loss at the onset of superconductivity.
Resistivity measurements were also performed at the
highest pressure (p ≈ 2.4 GPa) with an applied mag-
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FIG. 3. (Color online) Temperature dependence of the re-
sistivity of EuBiS2F under applied magnetic fields at about
2.4 GPa. Panel (a) displays temperature dependence of the
resistivity at various magnetic fields, while panel (b) shows the
upper critical field determined from the temperature where
the resistivity drops to 90%, 50% and 10% of the normal
state value (ρn).
netic field. It can be seen in Fig. 3(a) that with in-
creasing magnetic field, the superconducting transition
is shifted to lower temperatures and becomes signifi-
cantly broader. The results at high fields show a kink
at T ∗, which is similar to that observed in the high pres-
sure phase of polycrystalline Eu3Bi2S4F4.
13 As EuBiS2F
has a layered structure, its upper critical field is ex-
pected to be anisotropic, as observed in isostructural
LaO0.5F0.5BiS2.
18 Since a polycrystalline sample con-
tains grains of different orientations, the upper critical
field may vary from grain to grain, leading to a kink in
the resistivity at high magnetic fields. However, we also
cannot exclude other possibilities at the present time,
such as a field-induced transition inside the supercon-
ducting state. Figure 3(b) shows the upper critical field
(Bc2) determined from where the resistivity reaches 90%,
50% and 10% of the normal state value just above Tc
(ρn). The value at zero temperature Bc2(0) was deter-
mined to be approximately 3.1 T or 1.8 T from extrapo-
lating the 90%ρn or 10%ρn curves respectively to T = 0.
This corresponds to respective Ginzburg-Landau coher-
ence lengths of ξGL ≃ 103 A˚ and ≃ 135 A˚. The value
of Bc2(0)/Tc for the 90%ρn data decreases from 0.4 T/K
(p = 0)16 to 0.35 T/K (p ≈ 2.4 GPa). A similar value
is found in Sr0.5La0.5FBiS2 at ambient pressure,
19 while
a larger value is estimated in LaO0.5F0.5BiS2 synthesized
at high pressure.2
B. X-ray diffraction
To examine whether there is a change in crystal struc-
ture correlated with the enhancement of Tc in EuBiS2F,
we performed high pressure powder XRD measurements
at room temperature, as shown in Fig. 4(a). At ambient
pressure, EuBiS2F crystallizes in a tetragonal structure
with the space group P4/nmm, which is consistent with
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FIG. 4. (Color online) (a) Room temperature powder x-
ray diffraction patterns of polycrystalline EuBiS2F at var-
ious pressures. Additional Bragg peaks are observed for
p > pc ≃ 1.4 GPa, evidencing a structural phase transition.
(b) XRD pattern at p = 3.0 GPa and its refinement for a
monoclinic crystal structure with space group P21/m.
the previous report.16 It can be seen that all the patterns
measured at applied pressures display an additional peak
at around 28.1◦ due to diffraction from the ruby balls,
which are used to determine the pressure in the diamond
anvil cell. At applied pressures greater than 1.4 GPa, dif-
ferent Bragg peaks are observed, which is clear evidence
for a change in crystal structure and an increase in the
number of peaks indicates a reduction in the crystal sym-
metry. Similar behavior is observed in LaO0.5F0.5BiS2,
10
where a structural phase transition occurs from a tetrag-
onal (P4/nmm) to monoclinic(P21/m) structure. Upon
further increasing pressure, no additional changes in the
crystal structure are observed up to 12.6 GPa. To deter-
mine the crystal structure at high pressures, we analyzed
the diffraction pattern at 3.0 GPa which is displayed in
Fig. 4(b). The pattern was fitted by performing a struc-
tural refinement using the GSAS+EXPGUI software,20
with the monoclinic structure from Ref. 10. The solid line
shows the fitted curve and this indicates that the Bragg
peaks at high pressure can be reasonably accounted for by
this structure. It should be noted that although there is a
good agreement between the theoretical and experimen-
tal peak positions, the peak intensities are not perfectly
matched. Inaccuracies of the relative peak intensities are
a frequent problem when measuring powder XRD in a
diamond anvil cell due to the small sample mass and
the presence of preferred orientations.21 Therefore, the
atomic positions of the pressure induced phase may be
best determined from density functional theory calcula-
tions as reported previously,10 rather than from refine-
ments of XRD data.
FIG. 5. (Color online)Temperature-pressure phase diagram
for EuBiS2F in which both Tc and T0 are displayed. Values
of TRc were taken from the mid-point of the resistivity transi-
tions, while Tχc are from the onset of the transition in the ac
magnetic susceptibility; the two experimental methods give
consistent results. The uncertainties in TRc were estimated
from where the resistivity drops to 10% and 90% of the nor-
mal state value. The inset shows the change of the residual
resistivity in the normal state (ρ0) with applied pressure.
IV. SUMMARY AND DISCUSSION
The results measured under applied pressure are
summarized by the phase diagram in Fig. 5. Below
pc ≃ 1.4 GPa, Tc increases slightly with increasing pres-
sure. On the other hand, the position of the broad
hump in the resistivity at T0 is nearly unchanged, but its
amplitude is reduced with increasing pressure. Around
pc ≃ 1.4 GPa, there is a dramatic enhancement of Tc,
whereas the high temperature resistive anomaly at T0
vanishes. The large uncertainty of Tc at 1.4 GPa reflects
the broad nature of the transition, arising from the coex-
istence of the low- and high-pressure phases as a result of
the small pressure inhomogeneities in the measurements.
In addition, the crystal structure undergoes a transition
from a tetragonal (P4/nmm) to a monoclinic(P21/m)
structure between 1.4 GPa and 1.8 GPa and the resid-
ual resistivity also shows a step-like decrease across the
critical pressure region of pc ≃ 1.4 GPa. Upon further
increasing pressure, there is no significant change of Tc.
The above phase diagram of EuBiS2F is similar to that
observed in other LO1−xFxBiS2 superconductors, with
all the compounds showing a comparable value of Tc at
high pressures. In contrast to other materials, EuBiS2F
does not show significant semiconducting behavior and
therefore the enhancement of Tc is not simply associated
with the suppression of this behavior. However, the high-
pressure XRD results reveal a similar structural phase
transition in both LaO0.5F0.5BiS2
10 and EuBiS2F (this
study). This suggests that two different superconducting
phases, associated with two distinct crystal structures,
may exist in LO1−xFxBiS2; the low-Tc superconducting
phase (SC1) in the tetragonal structure and the high-
Tc phase (SC2) in the monoclinic structure as shown in
Fig. 5. The dramatic enhancement of Tc under pres-
5sure is likely due to differences in the electronic structure
between these two structural phases which could be ex-
amined by band-structure calculations. Furthermore, it
is also important to extend the high-pressure XRD mea-
surements to other compounds in order to confirm the
generality of this observation. In comparison with other
LO1−xFxBiS2 superconductors, EuBiS2F shows a greatly
reduced Tc at low pressures which could be attributable
to the Eu-4f magnetic moments or its valence state.16
However, the values of Tc for all these compounds are
similar in the high-pressure region9,11 and therefore the
structural phase transition at pc ≃ 1.4 GPa is likely
accompanied by a change of the Eu-valence, which may
also lead to the disappearance of the resistive anomaly
at T0 above pc. To confirm the possible changes of the
Eu-valence in EuBiS2F under pressure, it would be de-
sirable to perform experiments such as x-ray absorption
spectroscopy.
In summary, we have performed electrical resistivity,
ac magnetic susceptibility and XRD measurements of
EuBiS2F under pressure. It is found that Tc of EuBiS2F
is dramatically enhanced at pc ≃ 1.4 GPa, around which
pressure the resistive anomaly at T0 ≃ 280 K van-
ishes and a structural phase transition is observed at
room temperature. Our results suggest that EuBiS2F
has two different superconducting phases corresponding
to two different crystal structures; a low-Tc supercon-
ducting phase in the tetragonal structure and a high-Tc
phase in the monoclinic structure. These observations
may be a general feature of this family of BiS2-based
superconductors, which needs to be confirmed by fur-
ther experiments. Furthermore, this also implies that the
monoclinic structure may favor a superconducting phase
with a higher Tc, providing additional insights towards
how Tc may be enhanced.
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